Aims Lolium perenne ( perennial ryegrass) is the most important forage grass species of temperate regions. We have previously released the chloroplast genome sequence of L. perenne 'Cashel'. Here nine chloroplast microsatellite markers are published, which were designed based on knowledge about genetically variable regions within the L. perenne chloroplast genome. These markers were successfully used for characterizing the genetic diversity in Lolium and different grass species. † Methods Chloroplast genomes of 14 Poaceae taxa were screened for mononucleotide microsatellite repeat regions and primers designed for their amplification from nine loci. The potential of these markers to assess genetic diversity was evaluated on a set of 16 Irish and 15 European L. perenne ecotypes, nine L. perenne cultivars, other Lolium taxa and other grass species. † Key Results All analysed Poaceae chloroplast genomes contained more than 200 mononucleotide repeats (chloroplast simple sequence repeats, cpSSRs) of at least 7 bp in length, concentrated mainly in the large single copy region of the genome. Nucleotide composition varied considerably among subfamilies (with Pooideae biased towards poly A repeats). The nine new markers distinguish L. perenne from all non-Lolium taxa. TeaCpSSR28 was able to distinguish between all Lolium species and Lolium multiflorum due to an elongation of an A 8 mononucleotide repeat in L. multiflorum. TeaCpSSR31 detected a considerable degree of microsatellite length variation and single nucleotide polymorphism. TeaCpSSR27 revealed variation within some L. perenne accessions due to a 44-bp indel and was hence readily detected by simple agarose gel electrophoresis. Smaller insertion/deletion events or single nucleotide polymorphisms detected by these new markers could be visualized by polyacrylamide gel electrophoresis or DNA sequencing, respectively. † Conclusions The new markers are a valuable tool for plant breeding companies, seed testing agencies and the wider scientific community due to their ability to monitor genetic diversity within breeding pools, to trace maternal inheritance and to distinguish closely related species.
INTRODUCTION
Lolium perenne ( perennial ryegrass) is the most important forage grass species of temperate regions. Consequently, genomic sequence data and markers to study its variation are required by several end-users such as plant breeders, biotechnologists and population geneticists who are developing new varieties for the agricultural sector or studying its evolution. The complete nuclear and mitochondrial genomes of Lolium have not been determined but the complete chloroplast ( plastid) genome of one of its cultivars, Lolium perenne 'Cashel', has been sequenced by our research group (Diekmann et al., 2008 (Diekmann et al., , 2009 . Despite this advance, only a few studies have analysed the variability of the chloroplast genome in Lolium (e.g. Balfourier et al., 2000) . However, the L. perenne chloroplast genome was sequenced using plant material from a population and, therefore, several single nucleotide polymorphisms (SNPs) were detected during chloroplast genome assembly. Such polymorphisms clearly offer great potential to develop markers for the study of genetic variation within and among populations of L. perenne and its close relatives.
We based our study on Irish L. perenne ecotypes that were mostly sampled from old pasture ecosystems. Old permanent grasslands often contain a large reservoir of genetic diversity in comparison with highly managed, fertilized and reseeded grasslands. To preserve this diversity, an extensive ex situ programme of collection and seed storage was undertaken between 1979 and 1983 by Teagasc (Irish Agriculture and Food Development Authority). A total of 534 sites were sampled and these ecotypes were then propagated under isolation. In 1994 the European Lolium core collection programme was started and 163 different accessions from different gene banks were included in this programme to assess genetic diversity within this species (Connolly, 2000) . These two collections formed the plant material source for the present study.
We mainly focused our search for highly variable chloroplast genome markers on chloroplast microsatellite regions (chloroplast simple sequence repeats, cpSSRs) because they are known to be highly variable in comparison with other classes of DNA in the chloroplast genome due to slipped strand mispairing that occurs during replication of these regions (reviewed in Kelchner, 2000) . These mutations usually result in small insertion/deletion events and are highly suitable as molecular markers (Taberlet et al., 1991; Powell et al., 1995a; Dumolin-Lapegue et al., 1997) that are commonly detected either by direct sequencing or sizing PCR amplicons (genotyping). Due to the overall high conservation of chloroplast DNA sequences among species (Olmstead and Palmer, 1994) , primers have been designed to amplify cpSSRs based on sequences of related species if sequence information from the target species is missing. Some universal cpSSR markers have also been developed for angiosperms but these are not always sufficiently variable for chloroplast DNA characterization in Lolium (McGrath et al., 2007) . The most productive approach is often to develop markers from genome information sequenced from the target species or at least from closely related taxa. McGrath et al. (2007) showed that plastid SSRs designed specifically from genome data of grasses can be highly variable and can detect genetic variability within populations. Furthermore, publication of the Lolium chloroplast genome (Diekmann et al., 2008 (Diekmann et al., , 2009 ) has provided new sequence information to allow the design of markers specifically for Lolium. As chloroplast genomes show uniparental inheritance and do not recombine during sexual reproduction, different microsatellite loci are linked together and individual haplotypes can be easily detected by applying a set of different chloroplast microsatellite markers (Bryan et al., 1999a) .
There are many significant applications for chloroplast microsatellite markers in breeding schemes. cpSSRs enable the monitoring of seed-mediated gene flow in angiosperms where the chloroplast genome is generally maternally inherited (Corriveau and Coleman, 1988) and pollen flow in gymnosperms where the chloroplast genome is paternally inherited (Powell et al., 1995a) . Thus, cpSSRs in combination with nuclear DNA markers can be used to assess the relative contribution of seed-vs. pollen-mediated gene flow. This is valuable for several applications including risk assessment of transferring transgenes into wild populations (Ryan et al., 2006) or for the detection of parentage in hybrids (Akkak et al., 2007; Atienza et al., 2007) , allopolyploids (Hodkinson et al., 2002) and somatic hybrids (Bastia et al., 2001; Bryan et al., 1999b) . Powell et al. (1995b) reported that intraspecific chloroplast variation is not random with regard to geographical localization, and thus chloroplast microsatellites are able to determine phylogeographical population structure (Balfourier et al., 2000; McGrath et al., 2007) . Furthermore, cpSSRs are well suited to detect population genetic bottlenecks in natural populations and to assess the cytoplasmic diversity and genetic variation that exists in plant breeding material (Provan et al., 2001; Grau Nersting et al., 2006; Fjellheim et al., 2006) .
Here we aimed to: (1) develop markers for chloroplast genome characterization of L. perenne and investigate their nature and distribution in the genome, (2) test their transferability to other closely related species, and (3) use the markers in studies of interspecific and intraspecific characterization of Lolium and its close relatives. Our search for variable sites within the chloroplast genome of L. perenne resulted in the design of nine new chloroplast markers applicable to a broad range of grass species. Some of them have potential for seed certification institutes because they enable the differentiation of L. perenne and Lolium mutliflorum. Others can be applied for genotyping wild and breeding populations via simple agarose gel electrophoresis without the need for sequencing or automated polyacrylamide gel genotyping systems.
MATERIALS AND METHODS
Fourteen Poaceae chloroplast genomes (Table 1) were searched for chloroplast microsatellites using the microsatellite finder tool find_microsat_Win32 (N Salamin, Université de Lausanne, Lausanne, Switzerland, unpubl. res.). The search focused on mononucleotide repeats of seven and more nucleotides that had to be interrupted from each other by at least one nucleotide.
The mutation rate of microsatellite regions increases with an increasing number of repeat units (Ellegren, 2004) . Therefore, from these data, only mononucleotide repeats of more than 10 bp length were considered for primer design. We preferentially chose microsatellite regions with high variation among species in the alignment. Furthermore, we designed primers so that they would also bind to non-L. perenne chloroplast DNA to enable their application in studies across different grass species. Thus, 14 regions consisting of 17 microsatellites were found (data not shown). Primer sets were then designed for nine regions, amplifying 12 microsatellites (Table 2) , using the Primer3 software (http://frodo.wi.mit.edu/). Six primer sets amplified repeats in non-coding regions, three amplified repeats within genes of which only one amplified exclusively a gene region. The amplicon lengths varied from 195 to 658 bp depending on the primer set used. The amplicons were thus considerably longer than the microsatellite repeat of interest. This provided potential for recording other polymorphisms outside the SSR repeat and would allow them to be more broadly applied (e.g. for phylogenetic studies). (Table 3 ) with up to 15 individuals per population. Total DNA from these individuals was extracted during an earlier project by McGrath et al. (2006 McGrath et al. ( , 2007 .
Thirty-microlitre PCR reactions were set up using 3 mL DNA template, 6 mL 5× Phusion TM HF Buffer (New England Biolabs, Inc., Ipswich, MA, USA), 0 . 6 mL forward primer (10 mM), 0 . 6 mL reverse primer (10 mM), 0 . 6 mL dNTPs (Metabion International AG, Martinsried, Germany) (10 mM), 18 . 96 mL ddH 2 O and 0 . 24 mL Phusion TM Hot Start High-Fidelity DNA Polymerase (New England Biolabs, Inc.). The microsatellite lengths required the application of a polymerase with proofreading ability to avoid potential genotyping errors caused by replication slippage. The PCR programme settings were 98 8C for 5 min, 35 cycles of 98 8C for 1 min, 60 8C for 1 min and 72 8C for 1 min, and finally 72 8C for 10 min. Three microlitres of each PCR product was checked for amplification using 2 . 5 % MetaPhorw Agarose (Lonza, Rockland, ME, USA) gels. Amplified PCR products were sequenced once using forward primers. Sequencing was outsourced to LGC Genomics (Berlin, Germany) or GATC Biotech AG (Konstanz, Germany).
Sequences from each of the different loci were first aligned in MEGA 3 . 1 (Kumar et al., 2004) . To avoid an overestimation of evolutionary events, indels and gaps were replaced by nucleotides that did not appear at that specific position in the other individuals. Missing data were included by coding each absent nucleotide with a question mark. Sequences from the different primer sets were combined in MEGA 3 . 1 (Kumar et al., 2004) . Haplotypes of the data set were distinguished using the software Arlequin 3 . 11 (Excoffier et al., 2005) and manually corrected to prevent an overestimation of haplotype number due to missing information. The resulting haplotype sequences were used as an input file for phylogenetic analysis using Bayesian inference with the software MrBayes {settings: nst ¼ 6 and rates ¼ invgamma [¼ GTR + G + I-model (General Time Reversible model + Gammadistributed rate)]; ngen (generations) ¼ 1000 000; samplefreq (samplefrequency) ¼ 100; burnin ¼ 1000} (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) . Maximumparsimony bootstrapping, as implemented in PAUP* 4 . 0 (Swofford, 2002) , was also used to test the support of clades; it included 1000 replicates of random addition sequence, TBR branch swapping, and rearrangements limited to 1000 000. The Bayesian tree was modified in FigTree v1 . 2.1 (Rambaut, 2007;  http://tree.bio.ed.ac.uk/) for figure production and bootstrap percentages added to the tree (following Hodkinson et al., 2010) .
For a locus-by-locus AMOVA, 38 L. perenne populations were included and divided into four groups: (1) L. perenneIrish ecotypes, (2) L. perenne -European ecotypes, (3) L. perenne -cultivars and (4) Lolium species. The analysis was performed in Arlequin 3 . 11 (Excoffier et al., 2005) for all groups and then reduced in a stepwise manner (Table 4) . Other species Agrostis stolonifera
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For the analysis, the value for the allowed missing data was set to 0 . 26 to include all data.
RESULTS

Characterization of Poaceae chloroplast microsatellites
The chloroplast genomes of 14 different grass species were searched for microsatellite regions. Although this search was limited to mononucleotide repeats with at least seven nucleotides, the number found per species was high, ranging from 241 (Dendrocalamus latiflorus) to 282 (Brachypodium distachyon) microsatellites per genome. The number of microsatellites found in the subfamilies Pooideae and Panicoideae was clearly higher than that found in Ehrhartoideae and Bambusoideae (Fig. 1) . The number of microsatellites decreases with an increase of the repeat size in all genomes analysed. Thus, the highest number of microsatellites was found for repeats of seven and the lowest for repeats of more than 11 nucleotides (Fig. 1) . Chloroplast microsatellites in Pooideae are mainly based on the nucleotide A, while for the other subfamilies they are relatively equally based on nucleotides A and T. Although the number of published chloroplast genome sequences for Bambusoideae is limited (to only two), it seems that in this subfamily the number of microsatellites based on the nucleotide C is higher than in the other species (Fig. 2) .
In the chloroplast genome of L. perenne, 78 (33 . 05 %) of the microsatellites were located within genes and 158 (66 . 94 %) within intergenic spacers and introns (data not shown). The microsatellites were, in general, distributed over the entire genome; however, repeats with nine and more nucleotides were clearly less abundant in the inverted repeat region (Fig. 3) . Furthermore, it can be seen that repeats based on ten and more nucleotides mainly cluster in four regions of the large single copy region: matK -rpoB, psaA -trnV UAC, infA-trnH GUG, and in the intergenic spacer region between psbE and petL.
Chloroplast microsatellite analysis
The nine newly designed primer sets detected cpSSR polymorphisms to different extents. However, all markers distinguished between L. perenne and non-Lolium taxa. Table 5 gives an overview of marker performance within and among Lolium species. The three most informative markers were TeaCpSSR27, TeaCpSSR28 and TeaCpSSR31. TeaCpSSR28 was able to distinguish between all tested Lolium species and L. multiflorum. The difference between L. multiflorum and the other Lolium species was based on an elongation of the A 8 mononucleotide repeat by one nucleotide in L. multiflorum. This was detected via sequencing. TeaCpSSR31 combines a high degree of cpSSR length variation with a considerably high number of SNPs. SNPs detected by this marker happened to be in the same individuals where SNPs had been observed before by TeaCpSSR30 and TeaCpSSR33. Basic agarose gel electrophoresis of amplification products of marker TeaCpSSR27 revealed variation within some L. perenne accessions (Fig. 4) and further sequencing showed that this was due to an indel of 44 nucleotides. All the haplotypes for which SNPs had been observed in the products of TeaCpSSR30, TeaCpSSR31 and TeaCpSSR33 also showed this deletion in the sequencing results.
Phylogenetic and haplotype analysis
Thirty-three haplotypes were detected with up to five haplotypes within a single accession. Few private haplotypes (unique to an accession) were detected. Haplotypes 1 and 2 were the most frequent, of which at least one was found in each L. perenne accession. Most of the non-L. perenne 
* -indicates amplification/sequencing failed due to low quality of DNA.
species showed high variation with up to four haplotypes per accession, although the sample sizes were small. The haplotype DNA sequences as well as one sequence of Avena sativa, Triticum aestivum, Secale cereale and Hordeum vulgare were used in an input file for phylogenetic Bayesian inference and parsimony analyses. In both analyses (Fig. 5) , Agrostis stolonifera and Avena sativa (tribe Aveneae) were sister to the remaining species (but were not themselves monophyletic) and hence were used as an outgroup to all other species analysed, following Grass Phylogeny Working Group (2001) and Grass Phylogeny Working Group II (2012).
High posterior probability and bootstrap values were obtained for Bromus erectus as sister to the Triticeae species (Hordeum vulgare, Secale cereale, Triticum aestivum), S. cereale as sister to T. aestivum, and Poa pratensis as sister to all Festuca and Lolium species as well as to Cynosurus cristatus. High posterior probability values were only obtained for Festuca ovina as sister to a group of Festuca rubra and most Festuca vivipara individuals (but note F. vivipara was not monophyletic) and for all Festucas (except Festuca pratensis) being sister to the Lolium species (Fig. 5) . F. pratensis 'Northland' was grouped within the L. multiflorum accessions. The haplotypes of ecotype accessions PI267059, IRL-OP-02173, IRL-OP-02078 and IRL-OP-02269, for which variation had already been observed by gel electrophoresis, grouped mainly with the other Lolium species.
Locus-by-locus AMOVA Each accession had missing data for some of the analysed regions due to a lack of amplification or sequencing problems. A locus-by-locus AMOVA, as recommended by Excoffier et al. (2005) , was used to test the assigned genetic structure across all nine regions. The number of polymorphic loci decreased from 21 (all four groups) to 16 (only the European L. perenne ecotypes and L. perenne cultivars) (data not shown). No differentiation was found among the different groups, but considerable variation was found within the populations (more than 50 %). The highest variation (83 . 32 %) was found within populations in the AMOVA of Irish L. perenne ecotypes and L. perenne cultivars. The fixation index, F ST , was relatively small at 0 . 27 for L. perenne populations compared with European populations (F ST ¼ 0 . 49). All the comparisons were highly significant (P ¼ 99 . 9 %). The AMOVA between the different L. perenne accessions revealed high partitioning of variation within populations of groups 1 and 2 at 76 . 32 % compared with an among-population variance of 25 . 14 %. For populations of groups 1 and 3, the within-and among-population variance values were 83 . 32 and 17 . 34 % respectively.
DISCUSSION
Characterization of Poaceae chloroplast microsatellites
Fourteen Poaceae chloroplast genomes were searched for mononucleotide repeat regions of more than 7 bp in length. All genomes contained more than 200 cpSSRs. However, the total number of cpSSRs varies between species, as found in comparisons made by Powell et al. (1995b) . Furthermore, the results show that the number of microsatellites in the different grass subfamilies is not random. Pooideae and Panicoideae have a significantly (P ¼ 99 . 99 %) higher number of cpSSRs than Ehrhartoideae and Bambusoideae. Ehrhartoideae was represented by rice (Oryza) only and Bambusoideae included two closely related bamboo taxa (Sungkaew et al., 2009 ). Therefore, it will be interesting to determine if this pattern holds when a more diverse range of ehrhartoids and bambusoids are included, such as taxa from the temperate bamboo tribe Arundinarieae (Hodkinson et al., 2010) . Many research groups have found a strong bias of nucleotides A and T for mononucleotide repeats (Powell et al., 1995b; Flannery et al., 2006; Rajendrakumar et al., 2006) . Our analysis showed that nucleotides A and T are also favoured across all species but the nucleotide usage seems to be subfamily-specific. Pooideae favours A and Ehrhartoideae favours T (Fig. 2) . This observation is, to our knowledge, the first of its kind. However, more Poaceae chloroplast genomes, especially for the subfamilies Ehrhartoideae and Bambusoideae, need to be sequenced to confirm this result. As previously observed in other species (Powell et al., 1995b; Rajendrakumar et al., 2006) , the majority (67 %) of microsatellites were located in the intergenic spacer regions. Most of the cpSSRs were located in the large single copy (LSC) region, as found by Powell et al. (1995b) . It is likely that long microsatellites evolve due to slipped-strand mispairing (Kelchner, 2000) . The accumulation of microsatellites in the LSC is thus not surprising because a mutation correction mechanism exists in the inverted repeat (IR) region that keeps both IRs potentially identical, and thus the nucleotide substitution is much lower (Wolfe et al., 1987) .
Chloroplast microsatellite analysis
Our nine newly designed cpSSR primer sets were able to detect polymorphisms across all species tested but only six sets (TeaCpSSR27, TeaCpSSR30, TeaCpSSR31, TeaCpSSR33, TeaCpSSR34, TeaCpSSR35) were able to detect variation at an intraspecific level. This is not surprising given that one objective of this analysis was to design primers that preferably amplify across a wide range of Poaceae species and thus some amount of conservation was required (Taberlet et al., 1991; Dumolin-Lapegue et al., 1997; Provan et al., 2001) . However, most primers produced amplicon lengths of 380 bp or more and thus the lack of variation in some loci might be due to the location of the microsatellite rather than to the location of the Bambusoideae Ehrhartoideae Panicoideae FIG. 1. Number of microsatellites (more than seven nucleotides) in complete Poaceae chloroplast genomes. x ¼ repeat length (7 to 11). GenBank accession numbers: Agrostis stolonifera (EF115543), Bambusa oldhamii (FJ970915), Brachypodium distachyon (EU325680), Dendrocalamus latiflorus (FJ970916), Festuca arundinacea (FJ466687), Hordeum vulgare (EF115541), Lolium perenne (AM777385), Oryza nivara (AP006728), Oryza sativa 'japonica group' (X15901), Saccharum officinarum (AP006714), Sorghum bicolor (EF115542), Triticum aestivum (AB042240), Zea mays (X86563).
primers. Very little intraspecific variation was found for marker TeaCpSSR29, which is located within the ndhK gene, TeaCpSSR32 from the infA gene and TeaCpSSR28 from the intergenic spacer rps14-psaB. This low variation in microsatellites in coding regions is expected because variation in the form of one-to two-nucleotide indels would lead to frameshifts and thus to non-functionality of the respective gene (Metzgar et al., 2000) . Marker TeaCpSSR28 is based on an interrupted microsatellite and such interruption seems to have a stabilizing effect (Rolfsmeier et al., 2000) . Although primers TeaCpSSR28, TeaCpSSR29 and TeaCpSSR32 were unable to detect intraspecific variation, they were able to detect interspecific variation and will be useful in future studies at that level. TeaCpSSR28 is particularly promising due to its ability to differentiate L. multiflorum from other Lolium species. This ability could be important for seed testing agencies for testing the purity of seed lots. The polymorphism is based on a mononucleotide repeat and can be easily adopted for high-throughput genotyping applications. L. perenne is widely used as turf grass in Europe and the United States (Floyd and Barker, 2002) . Contamination of seed lots with L. multiflorum, which has a brighter foliage colour, broader leaves and less tillering, is unwanted. Other markers have been developed for this purpose. For example, Warnke et al. (2002) showed that the locus of the enzyme superoxide dismutase (Sod-1) can be used for distinguishing L. perenne from L. multiflorum. Warnke et al. (2004) showed that the seedling root fluorescence locus (Pgi-2) and the 8-h flowering characteristics on chromosome 1 (morphological marker that indicates photoperiod insensitivity after vernalization) can also distinguish L. multiflorum from L. perenne and may be of wider value for species identification. Our TeaCpSSR28 marker is a valuable addition to these markers, especially because of its ease of application.
Overall, the most informative marker was TeaCpSSR31 because it revealed nearly as much haplotype information as that detectable by using a combination of the other primers. This marker is located in the psbE-petL intergenic region. The psbE-petL region has not previously been characterized in Lolium. Marker TeaCpSSR27 is also a new marker of considerable value. This marker is not variable at the microsatellite region but revealed variation at a 44-bp-long repeat that showed one and two copies, respectively, in four different accessions [IRL-OP-02078 (2× one copy/9× two copies), IRL-OP-02173 (3/12), IRL-OP-02269 (1/4) and PI267059 (1/7)]. This variation was already detectable via agarose gel electrophoresis and thus this primer set is of particular value because the sequencing step for the detection of variation can be omitted. Sequence information obtained for the chloroplast genome of different species and their individuals (when polymorphisms were observed) using the new markers was submitted to GenBank (Table 5 ) and is publicly available.
Phylogenetic and haplotype analysis
Thirty-three different haplotypes were detected in this study and analysed using Bayesian inference and parsimony approaches. Bromus erectus, the Triticeae cereals, Poa pratensis and Cynosurus cristatus were resolved as outlying the majority of Festuca and Lolium accessions. This tree showed high resolution and consistency with current taxonomy despite the fact that most of the variation between the different haplotypes is based on microsatellites and thus potentially influenced by size homoplasy (Hale et al., 2004; Flannery et al., 2006) . There was also evidence that the inbreeding groups including L. persicum, L. remotum, L. subulatum and L. temulentum (Kubik et al., 1999; Balfourier et al., 2000) and outbreeding groups of Lolium species could be distinguished from each other. The grouping of inbreeding L. subulatum was an exception to this pattern because the majority of its individuals were positioned close to the outbreeding Lolium species. Unfortunately, six out of the seven L. subulatum individuals showed haplotypes that were not clearly distinguishable from each other, probably due to a large amount of missing data in that species.
The positions obtained for L. hybridum accessions are of note. L. hybridum is an interspecific highly fertile hybrid between L. perenne and L. multiflorum that occurs naturally very frequently. In this study, L. hybridum individuals are grouped either within or as sister to L. perenne, while the L. multiflorum individuals are grouped as sister to L. perenne. This reveals L. perenne as maternal genome donor of L. hybridum and L. multiflorum as paternal genome donor in all these analysed accessions.
Lolium perenne individuals that lacked one copy of the repeat of the TeaCpSSR27 marker had a haplotype very similar to the inbreeding Lolium species (Fig. 5) . Although interspecific hybrids between the different outbreeding Lolium species are possible as mentioned above, interspecific hybrids between in-and outbreeding Lolium species are normally very rare due to post-zygotic hybridization barriers (Matzk et al., 1980) . Embryo rescue techniques have to be carried out to obtain viable plants after reciprocal crosses between L. temulentum and L. perenne (Yamada, 2001 ). Thus, the results obtained with TeaCpSSR27 are surprising because they clearly indicate that some natural hybridization occurred between the two groups. We are investigating this possibility further.
The grouping of F. pratensis within the Lolium accessions is also of note. F. pratensis did not group with the other Festuca species. Festuca species can be grouped into two major categories -fine-leaved and broad-leaved (Torrecilla and Catalán, 2002) . In phylogenetic analyses, the genus Lolium is found within the broad-leaved Festuca group (Torrecilla and Catalán, 2002; Catalán et al., 2004) . F. pratensis and F. arundinacea belong to the broad-leaved category while F. ovina, F. rubra and F. vivipara belong to the fine-leaved category. This is in accordance with the extensive Lolium diversity study of McGrath et al. (2007) that grouped F. pratensis closer to the Lolium species than Festuca species and where the fine-leaved Festuca species were resolved as an outlying group. Darbyshire (1993) suggested the re-circumscription of Festuca. He considered the fine-leaved fescues to be true fescues and transferred F. pratensis and F. arundinacea to the genus Lolium (Lolium pratense and L. arundinacea).
Locus-by-locus AMOVA
The different L. perenne accessions were analysed as four different groups for the locus-by-locus AMOVA (Table 4) . FIG. 4. TeaCpSSR27 PCR products (5 mL per sample) from different individuals of two Lolium perenne accessions. Shorter amplicon products are due to the lack of one copy of a 44-bp repeat. A 2 . 0 % MetaPhorw Agarose gel (Lonza, Rockland, ME, USA) stained with 1 % ethidium bromide (10 mg mL 21 ). Size standard: mi-100 bp+ DNA Marker Go (Metabion International AG, Martinsried, Germany), run for approx. 3 h at 80 V.
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